IntroductIon
T cell responses to viruses are initiated, function, and are maintained as memory subsets in diverse tissues sites. Studies in mouse models have revealed the importance of tissue-localized T cell responses in viral clearance and indicate that longterm T cell immunity is maintained both as circulating and tissue-resident populations (Masopust et al., 2001 (Masopust et al., , 2004 (Masopust et al., , 2006 Kivisäkk et al., 2003; Bingaman et al., 2005; Tokoyoda et al., 2009; Wakim et al., 2010) . In mouse infection models, noncirculating, tissue-resident memory (TRM) T cells are generated in diverse sites in response to acute and chronic viruses, including influenza (lungs), murine cytomegalovirus (MCMV; salivary glands), lymphocytic choriomeningitis virus (LCMV; many sites), and HSV (skin and vaginal mucosa; Gebhardt et al., 2009; Teijaro et al., 2011; Anderson et al., 2012; Turner et al., 2014; Smith et al., 2015; Thom et al., 2015) . Although TRM can mediate optimal protective responses to sitespecific reinfection (Liu et al., 2010; Jiang et al., 2012; Iijima and Iwasaki, 2014; Schenkel et al., 2014) , circulating memory subsets can mediate protection to systemic viruses (Wherry et al., 2003; Xu et al., 2007) . Factors determining whether antiviral memory T cells are maintained as circulating and/or tissue-localized populations remain undefined.
The diverse tissue localization of long term T cellmediated immunity is difficult to study in humans, where sampling is largely limited to peripheral blood which comprises an estimated 2-3% of total body T cells (Ganusov and De Boer, 2007) . Furthermore, the discovery of TRM indicates that the circulating T cell response as studied in humans may not accurately reflect the quantity or quality of virus-specific T cell responses in tissues. Addressing this fundamental question in human immunology requires obtaining blood and multiple tissues from individuals during a dynamic response to virus infection-a challenge that has previously been impossible to overcome.
We have set up a novel tissue resource and protocol with the organ procurement organization for New York City to obtain multiple lymphoid and mucosal tissues from diverse individual organ donors, providing an unprecedented opportunity to study immune cells and responses in tissues and circulation. Through optimization and study of T cells in these tissue samples, we have discovered novel aspects of how human T cells differentiate, become compartmentalized and function in tissues and circulation at different life stages (Thome et al., , 2016 . These tissues also provide a new opportunity to study ongoing antiviral T cell responses in situ, t cell responses to viruses are initiated and maintained in tissue sites; however, knowledge of human antiviral t cells is largely derived from blood. cytomegalovirus (cMV) persists in most humans, requires t cell immunity to control, yet tissue immune responses remain undefined. Here, we investigated human cMV-specific t cells, virus persistence and cMV-associated t cell homeostasis in blood, lymphoid, mucosal and secretory tissues of 44 cMV seropositive and 28 seronegative donors. cMVspecific t cells were maintained in distinct distribution patterns, highest in blood, bone marrow (BM), or lymph nodes (Ln), with the frequency and function in blood distinct from tissues. cMV genomes were detected predominantly in lung and also in spleen, BM, blood and Ln. High frequencies of activated cMV-specific t cells were found in blood and BM samples with low virus detection, whereas in lung, cMV-specific t cells were present along with detectable virus. In Lns, cMV-specific t cells exhibited quiescent phenotypes independent of virus. overall, t cell differentiation was enhanced in sites of viral persistence with age. together, our results suggest tissue t cell reservoirs for cMV control shaped by both viral and tissue-intrinsic factors, with global effects on homeostasis of tissue t cells over the lifespan.
as the donor profile indicates seropositivity for the prevalent persisting herpesviruses, human cytomegalovirus (hCMV; 60% donors), and/or Epstein-Barr Virus (EBV; 85% donors). Notably, human CMV requires active T cell responses to be controlled-a significant proportion of blood CD8 + T cells (5-30%) are CMV-specific in seropositive individuals, suggesting that much of the human T cell response is being diverted to control CMV, and maintain the virus in a latent form (Polić et al., 1998; Gamadia et al., 2001) . Examining CMV-specific T cells in these tissues therefore provides a unique opportunity to examine dynamic virus-specific human T cell responses in diverse sites from individuals of all ages.
Persistent CMV infection has important clinical relevance in the global population. Although immune-mediated control of CMV in healthy individuals prevents disease and overt clinical symptoms, immune dysregulation caused by immunosuppressive treatments in transplant and cancer patients, congenital immunodeficiencies, HIV/AIDS, and/or aging can result in CMV viremia, life threatening disease, and even death (Ljungman et al., 2010; Kotton et al., 2013; Frantzeskaki et al., 2015; Lichtner et al., 2015) . When reactivated, CMV infects multiple tissues, causing pneumonitis, colitis, hepatitis, and end organ failure (Ljungman et al., 2010; Kotton et al., 2013) , for which antiviral therapeutics are only partially effective. CMV persistence may also impact immunity in immunocompetent individuals, and has been associated with immunosenesence, and differential responses to infections or vaccinations (Pera et al., 2014; Arens et al., 2015; Furman et al., 2015) . The dynamic nature of viral persistence and antiviral T cell responses indicates that both parameters need to be investigated to understand the mechanisms for immune-mediated escape and/or other effects on overall immune homeostasis.
Here, we present a novel analysis of CMV-specific T cell responses, CMV persistence, and T cell homeostasis in blood, primary and secondary lymphoid tissues (BM, spleen, and multiple LNs), and mucosal sites (lungs and intestines) of CMV-seropositive (44) and -seronegative (28) donors spanning seven decades of human life. CMV-specific CD8 T cells were detected in multiple tissues of seropositive donors including significant frequencies in the lungs, negligible frequencies in the intestines, with the highest frequencies found either in blood, BM, or LN compared with other sites within the same individual. The activation and functional profile of CMVspecific T cells related to their frequency distribution pattern, tissue, and subset. CMV viral genomes were detected in the majority of CMV-seropositive lungs, followed by LNs, and rarely in blood or BM from individuals with high frequency T cell responses with activation profiles in these sites, suggestive of local viral control. In the major sites of CMV-specific T cell responses and CMV persistence, CMV-seropositive donors exhibited accelerated polyclonal T cell differentiation into terminal effectors or effector-memory subsets with age compared with seronegative donors. Together, our results reveal tissue-specific effects on the maintenance of antiviral T cell immunity with impacts on virus persistence and T cell homeostasis over the human lifespan.
rES uLtS Heterogeneous distribution of cMV-specific cd8 + t cells in diverse tissue sites
Lymphoid and mucosal tissues were obtained from research-consented human organ donors through a collaboration and research protocol with LiveOnNY as previously described (Sathaliyawala et al., 2013; Thome et al., 2014) . All donors were healthy (HIV − , HBV/HCV − , cancer-free, and free of systemic infections) before brain death, with information on HLA-typing and CMV/EBV serology available. For analysis of CMV immunity and persistence in tissues, we analyzed multiple anatomical sites (blood, BM, spleen, peripheral, and mucosal-draining lymph nodes, lungs, and intestines) from a cohort of 41 donors (24 seropositive and 17 seronegative), aged 6-70 yr (Table 1) . Donors had been hospitalized for a median of 5.5 d (interquartile range, 5.5-6.5 d) and had died from traumatic causes including head trauma (33%), anoxia (25%), or cerebrovascular event/stoke (42%), which all resulted in brain death. Additional analysis of donor serum from seropositive individuals revealed the presence of high and intermediate avidity CMV-specific IgG and the absence of IgM anti-CMV antibodies, consistent with remote primary CMV infection with no evidence of current reactivation (Table 1) .
We screened for the presence of CMV-specific CD8 + T cells in tissues from seropositive donors using up to five HLA tetramer or multimer reagents of the appropriate HLA type (Table S1 ), containing peptide epitopes of immunodominant CMV proteins pp65, IE-1, and pp50 (CMV multimers), compared with staining with negative control HLAmultimers ( Fig. 1 A and Fig. S1 ). We used combinations of CMV multimers containing different CMV epitopes to maximize our ability to detect CMV-reactive T cells in each sites; however, we also stained with single multimer reagents to measure the distribution of CD8 + T cells specific for single peptide epitopes across tissues (Table 2) . CD8 + T cells obtained from 20/24 seropositive donors exhibited significant CMV multimer-binding frequencies above negative controls (>0.1-0.3% of CD8 + T cells; Figs. 1 A and S1), although tissue T cells from seronegative donors had negligible frequencies of CMV multimer + CD8 + T cells ( Fig. 1 A) . The frequency of CMV multimer + T cells was similar to the frequency of CD8 + T cells responding to 6-h stimulation with immunodominant CMV peptide epitopes of pp65 and IE-1, as measured by IFN-γ production and up-regulation of the activation marker CD69 (Fig. 1 B) . This concordance of multimer staining with peptide-specific responses is consistent with previous studies validating the use of HLApeptide multimer reagents to quantitate virus-specific T cells (Borchers et al., 2014) .
We assessed qualitative and quantitative aspects of CMV-specific CD8 + T cell tissue distribution within and between the 20 seropositive donors with detectable multimer frequencies (Table 2) . Overall, CMV-specific CD8 + T cells were consistently detected in multiple sites includ-ing blood, BM, several LNs, and lungs, whereas negligible frequencies were detected in the intestines ( Fig. 1 and Table 2 ). Quantitatively, however, there was heterogeneity in the frequency and distribution of CMV-specific (multimer + ) CD8 + T cells between tissue sites of individual donors ( Fig. 1 A) . In 16/20 donors, there were notable high frequencies biased to specific tissue sites, with some donors having highest frequencies in blood compared with other sites (n = 4; 20% donors), others in BM (n = 9; 45% donors), and others with highest frequencies in LNs (n = 3; 15% donors; Fig. 1 , A and C). In addition, 4/20 donors (20%) showed no tissue bias in CMV-specific T cell distribution, exhibiting comparable low frequencies in multiple sites (Fig. 1 , A and C). Our findings of maximum frequencies within specific sites were observed with CMV-specific T cells specific for single epitopes, or when multiple specificities were assessed (Table 2 ). In all donors, the frequency of CD8 + T cells specific for single or combined epitopes of CMV in peripheral blood was not representative of their frequency in tissues. CMV IgM reference range: Negative (≤0.80), equivocal (0.9-1.0), positive (≥1.1). c CMV-multimer detected is defined as >0.1-0.3% of CD8 + T cells where >500 CD8 + T cells were available. Figure 1 . Heterogeneity of cMV-specific cd8 + t cell distribution in circulation and tissues. CMV-specific CD8 + T cell distribution was assessed by staining with HLA multimer reagents containing CMV-specific epitopes (CMV-multimers; see Table S1 for complete list) from 24 CMV-seropositive and 17 CMV-seronegative organ donors aged 6-70 yr. Compiling data from all of the donors reveals the intraindividual trends in maximum frequency, but also enables comparison of frequencies in different sites between donors, revealing the highest frequencies in blood and LN, followed by BM and lungs ( Fig. 1 D) . We further compared CMVspecific CD8 + T cells in tonsils (when available), as sites of primary CMV infection and found that most donors had low frequency multimer + CD8 + T cells in these sites, independent of their frequency in other sites ( Fig. 1 D) . Together, these results demonstrate a broad distribution of CMV-specific T cells in tissues, with variations in frequency distribution within and between individuals.
Subset delineation of cMV-specific cd8 + t cells in different anatomical sites
We asked whether the distinct frequency distribution patterns of CMV-specific CD8 + T cells between individuals was a function of their subset. We previously showed that each human tissue compartment (circulation, lymphoid, and mucosal) contained a specific complement of T cell subsets defined by cell surface expression of the CD45RA isoform and CCR7 chemokine receptor into naive (CD45RA + CCR7 + ), central memory (TCM; CD45RA − CCR7 + ), effector memory (TEM; CD45RA − CCR7 − ) and terminally differentiated effector (TEM RA; CD45RA + CCR7 − ) CD8 + T cells . Representative profiles of CD45RA/ CCR7 expression by CMV-specific T cells in multiple tissues ( Fig. 2 A) and individual subset frequency in each site from 20 donors depicted as a heat map ( Fig. 2 B) shows that the majority of CMV-specific CD8 + T cells persisted as TEM or TEM RA cells, with some naive-phenotype cells, whereas very few persisted as TCM-phenotype cells. Although there was not a significant correlation between subset frequency and tissue distribution pattern or subset frequency and age (unpublished data), certain trends were noted. For example, in donors with highest frequency in blood or BM, CMVspecific T cells were largely TEM cells in most sites including spleen, LNs, lung, and colon, and TEM RA cells in the blood and lung (Fig. 2, A and B) . In certain donors, we also detected significant frequencies of CD45RA + CCR7 + phenotype cells (typically associated with naive T cells) in blood and LNs of donors with higher frequencies in BM, and in LNs of donors with highest frequencies in LNs and those with low frequency populations in multiple sites (Fig. 2, A and B) . These results indicate that donors with large populations of CMV-specific T cells in blood, BM, spleen, and/or lung maintain them as TEM RA and TEM cells, whereas donors with large LN or low frequency populations maintain virus-reactive T cells both as TEM and CD45RA + CCR7 + subsets.
cMV-specific cd8 + cells in blood, BM, spleen, and lung exhibit profiles of previous activation
We examined whether the activation and functional state of CMV-specific CD8 + T cells in blood and tissues differed in donors with distinct tissue distribution patterns. As TEM in tissues are subject to tissue-specific influences , we examined whether CMV-specific CD8 + T cells in tissues exhibited phenotypes of tissue residence based on CD69 expression as a marker of TRM cells , previous activation, and proliferation based on CD28 expression (Vallejo et al., 1999) and replicative senescence by CD57 expression (Di Benedetto et al., 2015) . For each parameter in each site, we compared the profile of CMV multimer + (CMV-specific) and CMV multimer-negative (neg., polyclonal) TEM cells, to assess whether the properties of CMV-specific T cells in each site were a function of TEM in that specific site or were specific to the CMV-specific population.
In the donors with highest frequencies of CMV-specific T cells in blood or BM, CD69 expression by CMV-multimer + CD8 + T cells was similar to the multimer-neg. TEM population in each site. Thus, CMV-multimer + T cells in blood were uniformly CD69-negative, but in tissue sites they exhibited CD69 up-regulation consistent with the endogenous TEM in each site (27-35% CD69 + in BM and spleen and 34-54% CD69 + in lung and LLN; Fig. 3, A and B ). The activation state of CMV-specific CD8 + T cells in blood, BM, spleen, and lung, however, was distinct from polyclonal TEM cells in those sites, based on expression of CD28 and CD57 (Fig. 3, A and B ). CMV-multimer + TEM cells exhibited reduced CD28 expression and increased CD57 expression compared with CMV-multimer-neg TEM cells in blood, spleen, LLN, and lung (Fig. 3, A and B) , indicative of increased activation and replicative senescence (Vallejo et al., 1999; Di Benedetto et al., 2015) . CMV-specific CD8 + T cells in these active sites (blood, BM, spleen, and lung) were functionally robust, exhibiting higher perforin expression compared with TEM cells staining of live CD3 + CD19 − CD4 − CD8 + cells (left) and IFN-γ secretion and CD69 expression of live CD3 + CD4 − CD8 + after 6-h culture without peptide (unstim) or with CMV peptide mixes for pp65 and IE-1 (right; see Materials and methods) from blood of a 73-yr-old male (D262). (C) Individualized CMV-multimer frequency results for 20 donors showing four distinct distribution patterns: Highest frequency of CMV-multimer + CD8 + T cells in blood compared with other sites (Blood > all; red lines; four donors); highest frequency in BM compared with other sites (BM > all; black lines; nine donors); highest frequency of in LNs compared with other sites (LN > all, blue lines, three donors); and low frequency throughout multiple sites (green lines; four donors). Each line represents one donor, with each donor having a unique symbol. Individual CMV multimer + frequencies and usage are shown in Table 2 . (D) Compiled results showing mean frequency (±SEM) of CMV-specific T cells from multiple donors stratified into four distribution patterns of CMV-multimer + CD8 + T cells in blood and tissues: Blood > all (n = 4; red); BM > all (n = 9; black); LN > all (n = 3; blue); and low frequency in all tissue sites (n = 4; green). The mean (±SEM) number of CMV-multimer + T cells detected in each sample was as follows: blood, 577 (±301); BM, 2,552 (±837); spleen, 1,470 (±340); LLN, 1,349 (±727); MLN, 2,254 (±1,350); ILN, 712 (±306); lung, 964 (±223); colon, 168 (±71); and tonsils, 715 (±595). Flow cytometry staining for each donor was performed in triplicate. Numbers in the flow cytometry plots indicate the percent of cells expressing given markers.
in LN (Fig. 3, A and B ). We also measured IFN-γ production by CMV-multimer + T cells after short-term stimulation with PMA/ionomycin, which preserved CMV-multimer staining ( Fig. 3 C) . After stimulation, IFN-γ production by CMVspecific and polyclonal TEM cells was higher in lymphoid tis-sue compared with blood, spleen, and lung (Fig. 3 , D and E). Together, these results demonstrate that blood, BM, spleen, and lung may be sites of previous CMV-specific T cell activation, particularly in donors with high relative frequencies of CMVspecific T cells in blood or BM. We also assessed the activation and functional state of CD45RA + CCR7 + CMV-specific T cells that were found in some of the donors with high frequencies in blood and BM (Fig. 2, A and B) . Although polyclonal CD45RA + CCR7 + T cells in blood and lymphoid tissues were CD28 + /CD57 − (Fig. 3, F and G) , which is consistent with this subset being naive T cells, CMV-specific CD45RA + CCR7 + cells exhibited significantly decreased CD28 and increased CD57 expression in BM, spleen, and lung, suggesting previous activation in these sites. After stimulation, significant proportions of CMV-specific CD45RA + CCR7 + cells produced IFN-γ and expressed CD107a, a marker of cytotoxic granulation (Betts et al., 2003) in blood, BM, lymphoid tissues, and lungs, whereas polyclonal naive cells in these sites did not produce these effector molecules (Fig. 3, F and G) . These CMV-specific CD45RA + CCR7 + cells in donors with high frequency populations in the blood or BM therefore exhibit features of activated or memory T cells. Together, these results [blue] to 100%, [yellow]) based on the gating in A in 20 individual donors stratified by frequency distribution pattern of CMV-specific cells identified in Fig. 1 and ranked according to age. Flow cytometry staining for each donor was performed in triplicate panels. Numbers in the flow cytometry plots indicate the percent of cells expressing given markers. provide evidence of a dynamic T cell response within tissues of individuals containing high frequencies CMV-specific T cells in the blood or BM. donors with high frequencies in Ln or low frequency distribution have quiescent cMV-specific t cells CMV-specific TEM cells from donors with high frequencies in LN or low frequencies in many sites did not exhibit features of previous activation, as they were largely CD28 + and CD57 − , similar to CMV-multimer-neg. TEM cells in the corresponding tissue site (unpublished data). CMV-specific CD45RA + CCR7 + cells in LNs were likewise similar to polyclonal naive T cells, exhibiting CD28 + /CD57 − phenotypes indicative of resting T cells, and did not produce IFN-γ, IL-2, or degranulate (as measured by CD107a) after stimulation (Fig. 4, A and B; and not depicted). Together, this analysis indicates that CMV-specific CD8 + T cells persist in a quiescent state in donors with predominant frequencies in LN, or with low frequencies throughout.
The extent of multimer binding to the TCR, as estimated by the mean fluorescent intensity (MFI), correlates with TCR avidity (Laugel et al., 2007) and may indicate recent antigen-driven expansion. As another measure of activation or quiescence, we examined multimer binding profiles of CMV-specific T cell subsets in different sites of donors with highest frequencies in BM or LN. In a representative donor with high frequencies in BM, CMV-specific TEM and TEM RA cells exhibited a higher MFI of multimer binding compared with CMV-specific CD45RA + CCR7 + cells from the same site (Fig. 4 C) . In contrast, in donors with high frequencies in LN, both TEM and CD45RA + CCR7 + CMV-specific populations exhibited a low MFI of multimer binding in tissues ( Fig. 4 C) . These results provide additional evidence that CMV-specific CD8 + T cells in donors with biased maintenance in BM and blood exhibit phenotypes indicative of previous activation while those maintained in LN or at low levels in many sites exhibit features suggestive of a quiescent state.
To test whether the CMV-specific CD8 + T cells with low TCR binding avidity were able to respond to CMVspecific epitopes, we stimulated low multimer-binding CD8 + T cells from BM, spleen and LLN with CMV-pp65 peptides and analyzed the resultant expanded population. We found significant activation and expansion of CMV-specific T cells from each site, particularly with spleen and LLN-derived T cells, and CMV-multimer binding of the pp65-expanded population was augmented 19-fold as assessed by MFI ( Fig. 4 D) . These results demonstrate that the low avidity CMV-specific T cell populations are fully responsive to CMV antigen, and that higher avidity populations observed in BM, blood, and lungs may indicate previous or recent activation.
cMV persistence in circulation and tissues inversely correlates to the t cell response
We hypothesized that the tissue distribution and/or activation state of CMV-specific CD8 + T cells may be influenced by the presence of virus in these sites. The precise reservoir of CMV is not known, although CMV latency has been described in human BM CD34 + hematopoietic progenitors, circulating CD14 + monocytes, dendritic cells, and alveolar macrophages (Hahn et al., 1998; Reeves and Sinclair, 2013; Poole et al., 2015) . The persistence of CMV genomes in mononuclear cells from seropositive individuals is also quite rare, representing 1/10,000 cells, as observed in a previous study (Slobedman and Mocarski, 1999) . We assessed the presence of CMV genomes in total mononuclear cells obtained from donor blood and tissues using a highly sensitive quantitative PCR approach that we developed and optimized specifically to detect CMV gene targets conserved between multiple clinical strains (see Materials and methods). CMV genome analysis was performed on 123 samples from 10 tissues sites of 24 CMV-seropositive ( Fig. 5) and -seronegative donors.
CMV genomes were detected in 76% (16/21) of CMV seropositive donors, whereas there were no detectable CMV genomes in tissues from CMV-seronegative donors ( Fig. 5 A  and not depicted) . In all cases, detection of CMV genomes was at or near the level of detection, consistent with the low level of CMV persistence that is a feature of its latency (Goodrum, 2016) . The frequency of CMV detection varied as a function of tissue site, with lung having the highest frequency of CMV detected (61% 11/18), followed by LNs (29-37%); blood, spleen, and BM had lower overall frequencies of CMV detection (13-25%; Fig. 5 A) . Examination of the individual CMV detection data for each donor (Table 3 ) reveals that the majority of donors (12/21) had CMV detected in more than one tissue site, with 4/21 donors having CMV detected in one site (primarily the lung); in 5/21 donors, CMV was not detected in any of the sites analyzed. There was no overall correlation between the pattern of CMV detection in tissues and the distribution pattern of CMV-specific CD8 T cells (Table 3) . However, CMV genomes were rarely detected in the blood and BM of donors with high frequencies of CMV-specific T cells in these sites, whereas CMV genomes CD45RA + CCR7 + CD8 + T cells (dotted black) in blood, BM, and LLN from the same donors as in A. Surface CD107a and intracellular IFN-γ production was measured after stimulation with PMA/ionomycin. Shown are histograms of CD28 (first row), CD57 (second row), CD107a (third row), and IFN-γ (fourth row) of indicated subsets from donor 196, analyzed as in A. (F) Mean frequency (±SEM) of CMV-multimer + (red squares) and -neg. (black triangles) CD45RA + CCR7 + CD8 + T cells expressing CD28, CD57, CD107a, and IFN-γ in blood and indicated tissues, compiled from 13 donors. Number of donors for each graph: CD28 (n = 8-10 per site), CD57 (n = 8-11 per site), CD107a (n = 5-8 per site), and IFN-γ (n = 4-8 per site). Significant differences for comparison of means between CMV-multimer + and -neg. CD8 + T cells within each tissue site were determined by Student's t test and corrected by Holm-Sidak for multiple comparisons. *, P = 0.05-0.011; **, P = 0.01-0. 001; ***, P < 0.001. Numbers in the flow cytometry plots indicate the percent of cells expressing given markers.
were variably detected in multiple tissues of donors maintaining CMV-specific T cells in LNs, or at low or undetectable frequencies throughout multiple sites (Fig. 5 B) . Of note, individuals with high frequency CMV-specific T cells in circulation (blood and BM), had no detectable CMV genomes in these sites (Fig. 5 B) . In contrast, in the spleen, LLN, and lung, the frequency of CMV-specific T cells was similar whether or not CMV genomes were detected (Fig. 5 B) . Together, these results suggest a site-specific interaction between T cells and virus with no detectable virus in circulating sites with high T cell frequencies and equilibrium between the virus and T cells in lung and LN reservoirs. (right) CMV-multimer staining in unstimulated versus pp65-expanded CD8 + T cells, with numbers in plots denoting MFI of CMV-multimer staining. Cells were pooled from triplicate samples. Numbers in the flow cytometry plots indicate the percent of cells expressing given markers.
overall impact of cMV infection on t cell differentiation in circulation and tissue sites over age
Given the preferential persistence of CMV-specific T cells in distinct sites and reported influence of CMV persistence on overall T cell differentiation and immune function (Chidrawar et al., 2009) , we investigated potential effects of CMV infection on T cell differentiation in tissues. We took advantage of our accumulated analysis of T cell subsets in tissue sites of over 72 donors and compared CD8 + T cell subset distribution in 10 tissue sites from 44 CMV-seropositive and 28 CMV-seronegative organ donors of similar age ranges (14-75 yr; Fig. 6 A and Table S2 ). Compiled results reveal decreased frequency of naive CD8 + T cells starting in young adulthood in CMV seropositive donors compared with CMV seronegative donors in blood, BM, LLN, and lung, which declines further over decades ( Fig. 6 B, first row) . Conversely, there is an increased frequency of TEM RA CD8 + T cells in blood, BM, spleen and lung, and an increase in the TEM CD8 + T cells in the LLN in CMV seropositive compared with seronegative donors, which further increases with age. Together, these results indicate enhanced T cell differentiation in specific sites of CMV seropositive donors. A similar decrease in the proportion of naive CD4 + T cells with a concomitant increase in proportion of CD4 + TEM over life in blood, BM, LLN, and lung was observed in CMV seropositive compared with seronegative donors (Fig. 7) . We also observed an increase in CD4 + TEM RA cells specifically in the BM, a population previously described in the blood and BM of CMV seropositive individuals (Libri et al., 2011) . These data demonstrate that CMV infection exerts a global influence on T cell homeostasis that extends beyond the circulation to the tissues.
dIScuSSIon
Our knowledge of T cell immunity to persistent viruses in humans has mostly been limited to analysis of peripheral blood. Using our novel human organ donor tissue resource, we investigated antiviral T cell immunity and viral persistence in the circulation and diverse tissues during a dynamic and persistent viral infection, CMV. Our analysis reveals individualized patterns of tissue T cell anti-CMV immunity and insights into how tissue location impacts antiviral T cell responses. We identify potential sites of active T cell-mediated viral clearance (blood, BM, and spleen), and reservoirs of viral persistence coexisting with either an active (lung) or quiescent (LN) T cell response. Furthermore, CMV persistence exerts global effects on T cell homeostasis in a tissue-dependent manner. Overall, our results reveal how CMV-specific T cells are distributed and function in multiple sites in the context of tissue location and viral persistence, providing new insights into immune control of CMV infection in the body.
Our results show that the frequency of CMV-specific CD8 + T cells in tissues invariably differs from that in blood. Previous studies comparing CMV-specific T cells in peripheral blood to an additional site (either BM, LN, tonsils or lung) also found discordance in blood and tissue frequencies, with tissue responses less frequent than blood in the individuals examined (de Bree et al., 2005; Letsch et al., 2007; Sauce et al., 2007; Palendira et al., 2008; Remmerswaal et al., 2012; Akulian et al., 2013) . By examining a broader array of tissues from each individual compared with what has previously been examined, we found the highest frequency of CMV-specific T cells to be in blood compared with other sites in a subset of donors; however, the majority of the donors had biased high frequencies in BM or LN, or comparable low frequencies throughout all sites. There are several possibilities that could contribute to differential persistence of blood-versus-tissue CMV-specific responses; either blood Each sample was run in 10-13 replicates and scored as "detected" (CMV genome targets detected in any replicate) or not detected (no CMV genome targets detected in any replicate). (B) Mean frequency (±SEM) of CMVspecific T cells in tissues of donors in which CMV genomes were detected (red) or not detected (black), compiled from 18 donors. Each shape denotes an individual donor. Significant differences for comparison of means between donors in which CMV genomes were detected (red) or not detected (black) within each tissue site were determined by Student's t test and corrected Holm-Sidak for multiple comparisons. *, P < 0.05, and no significant differences found for other sites. 
n/a n/a n/a n/a represents its own niche for maintenance of antiviral T cells, certain tissues harbor resident subsets of CMV-specific T cells, and/or dynamic activation events in certain sites leads to differential egress of T cells from tissues into circulation. Notably, individuals with high frequencies of CMV-specific T cells in blood (or BM) maintained these populations as TEM or TEM RA cells bearing features of recent activation and replicative senescence, whereas donors with predominantly CMVspecific T cells in LNs and/or with no significant circulating blood or BM populations were instead maintained as quiescent subsets. These results suggest that blood (and BM) could be a repository for activated T cells generated during a dynamic response to infection, which is consistent with findings of newly activated CD8 + T cells appearing in the blood after vaccination with live viruses (Miller et al., 2008) or during acute influenza infection (Sridhar et al., 2013) . Further, indepth profiling of tissue CMV-specific T cells compared with blood in future studies will enable a more precise definition of how circulating antiviral T cells relate to those in tissues. We hypothesized that the differential distribution and activation phenotypes of CMV-specific T cells in tissues may be a result of the presence of persistent virus in these sites. We therefore assessed CMV persistence in donor tissues as cellular and tissue reservoirs of CMV latency remain undefined in humans (Goodrum et al., 2012) . We identify CMV persistence predominantly in the lung and also in spleen, BM, blood, and LN. The identification of the lung as a potential reservoir of persistent CMV is consistent with recent results showing that CMV is present in alveolar macrophages (Poole et al., 2015) and that CMV reactivation is often manifested clinically as pneumonitis (Ljungman et al., 2010; Santos et al., 2015) . Persistence of CMV in multiple sites can also account for the diverse tissue involvement during CMV reactivation and disease, and the sensitivity of immune-mediated control of CMV to immunosuppression.
Integrating our results on CMV-specific T cell distribution, tissue-specific T cell phenotypes, and CMV persistence provides a new view into the dynamic interplay between the immune response and virus. Importantly, there was an inverse correlation in BM and blood between T cell frequency and CMV detection where the highest T cell frequencies were associated with complete lack of CMV detection. As the majority of CMV-specific T cells in blood and BM of these donors with no virus detected exhibited phenotypic features of previous activation, it is intriguing to speculate that these sites may undergo continual surveillance and viral control. Activated T cell populations are observed in circulation during CMV reactivation in immunosuppressed individuals (Hakki et al., 2003) , and it will be interesting to determine whether CMV-specific T cells that emerge in circulation during infection carry a trace of their tissue of origin. CMV-specific CD8 + T cells were consistently present in frequencies of 2-6% of total CD8 T cells in donor lungs, and exhibited an activated phenotype, suggesting that the lung is a consistent site of ongoing CMV-specific immune responses without complete viral clearance. In LNs, the frequency of CMV-specific T cells was similar in sites with or without detectable CMV genomes, and LN CMV-specific T cells mostly exhibited resting quiescent phenotypes. As LNs have infrequent exposure to microbes and a low inflammatory environment, CMV reactivation may be rare in these sites and LNs may serve as the reservoir for long-term resting CMV-specific T cells.
All of the tissues analyzed in this study were obtained from brain dead organ donors who were managed in the Figure 7 . cMV infection has global effects on tissue cd4 + t cell differentiation and homeostasis. Graphs show total CD4 + T cell subset distribution based on overall phenotype (naive, TCM, TEM, and TEM RA, based on CD45RA/CCR7 expression) in the indicated tissues from CMV-seropositive (red lines) and -seronegative (black lines) donors as a function of age, with each dot representing an individual donor and changes with age determined by linear regression analysis, as in Fig. 6 . Significant p-values for comparison of slope regression lines between seropositive and -negative are shown in green; P-values for the comparison of slope intercepts are shown in blue, and nonsignificant P-values for the comparison of slope intercepts are denoted by NS.
critical care unit before organ and tissue acquisition by surgical teams for lifesaving transplantation and for this study. Although these donors were all previously healthy and immunocompetent, there are reports of CMV reactivation occurring after traumatic injury (Cook and Trgovcich, 2011) . We investigated whether cause of death or length of hospitalization were associated with CMV T cell distribution and/or frequency and CMV detection and did not find any correlations (unpublished data; compiled from data in Tables 1 and  2 ). Moreover, the low level of virus detection is consistent with latent and controlled infection. Based on all of these criteria, our results on CMV-specific T cell response and CMV persistence in organ donor tissues is likely to represent the healthy state of viral control.
We also examined the overall impact of CMV infection on T cell differentiation and maintenance in tissues over the human lifespan in a larger cohort of 72 donors. Our results showed tissue-specific effects of CMV infection on T cell differentiation in the active sites of CMV persistence and CMV-specific T cell responses-namely in the blood, BM, lungs, and lung LNs. The dynamic interplay between virus and T cell responses in these sites could generate a local proinflammatory milieu that nonspecifically primes innate immune responses in tissues. This evidence for enhanced, tissue-specific T cell differentiation could account for the greater responses to pathogens and vaccines identified in CMV-seropositive compared with CMV-seronegative individuals (Pera et al., 2014; Furman et al., 2015) .
CMV infection remains a significant cause of morbidity and mortality in immunocompromised populations (Kotton et al., 2013; Adland et al., 2015; Frantzeskaki et al., 2015) , including solid organ and hematopoietic transplant recipients, cancer patients receiving chemotherapy, and the elderly. The site-specific nature of CMV immunity and viral persistence highlights the need for new therapies targeting tissue reservoirs of CMV persistence and the development of blood biomarkers that more accurately reflect the integrity of tissue CMV immune control. Moreover, the findings obtained from our assessment of CMV-specific and/or polyclonal T cell subsets, in conjunction with CMV persistence in multiple anatomical sites, have broad implications for improving immune monitoring, vaccines, and immunotherapies, and prompt further investigation of tissue-specific antipathogen responses and their relationship to circulating counterparts.
MatErIaLS and MEtHodS acquisition of human tissues
Human tissues were obtained from deceased (brain dead) organ donors at the time of organ acquisition for lifesaving clinical transplantation through an approved protocol and Material Transfer Agreement (MTA) with LiveOnNY. Organ donors were free of chronic disease and cancer and negative for HIV, hepatitis B, and hepatitis C. Characteristics of organ donors, including their cause of death and hospitalization length of stay are in Table 1 . The study does not qual-ify as human subjects research, as confirmed by the Columbia University Institutional Review Board, as tissue samples were obtained from deceased individuals. Donor HLA type, and CMV and EBV serology were available from all donors.
Lymphocyte isolation from human lymphoid and nonlymphoid tissues
Tissue samples were maintained in cold saline and brought to the laboratory within 2-4 h of procurement from the donor. Samples were rapidly processed using enzymatic and mechanical digestion to obtain lymphocyte populations with high viability as described in detail (Sathaliyawala et al., 2013; Thome et al., 2014 Thome et al., , 2016 . Lymphocytes were isolated from blood using lymphocyte separation media (CellGro; Cell-Genix) and ACK lysis buffer as previously described (Sathaliyawala et al., 2013) . Lymphocytes were either analyzed immediately or cryopreserved for future analysis. detection and analysis of cMV-specific t cells HLA multimers reagents containing epitopes of CMV (CMV-multimers) were obtained from Proimmune and Immudex; the CMV A6801 tetramer was obtained from the National Institutes of Health tetramer core (see Table  S1 for full list). Staining with multimers was done according to the manufacturer's protocols using HLA-A2 Negative Control (Proimmune) or Immudex Negative Controls (see Fig. S1 for gating). Only samples with >500 CD8 + T cells were included in the analysis. The level of detection of CMVmultimer + CD8 + T cells was 0.1-0.3% of CD8 + T cells. For CMV peptide stimulation, 1-3 × 10 6 mononuclear cells from blood or tissues were plated in 96-well tissue culture plates in complete RPMI medium (RPMI-1640 containing 10% fetal calf serum, 100 U/ml penicillin, 100 µg/ml streptomycin, and 2 mM l-glutamine (Sigma-Aldrich) containing 1 µg/ml HCMV pp65 peptide mix and 1 µg/ml HCMV pp65 peptide mix (PepMix HCMV; JPT Peptide Technologies) and incubated at 37°C for 6 h in the presence of BD GolgiStop (monensin). For intracellular staining, surface stained cells were fixed, washed, and resuspended in permeabilization buffer (BD) before staining with anti-IFN-γ.
Flow cytometry analysis
Fluorochrome-conjugated antibodies used for staining are shown in Table S3 . For intracellular staining, surface stained cells were fixed, washed, resuspended in permeabilization buffer (eBioscience), and stained with antiperforin antibodies. For T cell stimulation, 1-3 × 10 6 mononuclear cells from blood or tissues were plated in 96-well tissue culture plates in complete RPMI medium containing phorbol-12-myristate -13-acetate (PMA; 50 ng/ml), ionomycin (1 mg/ml) and anti-CD107a and incubated at 37°C for 3 h in the presence of BD GolgiStop (monensin). The cells were washed with PBS and surface stained, fixed, and permeabilized as above, before staining with anti-IFN-γ and anti-IL-2 antibodies. For expansion of CMV-specific T cells, 1-3 × 10 6 mononu-clear cells from blood or tissues were plated in 96-well tissue culture plates at 5 × 10 5 /ml in RPMI-1640, 10% FBS, 1 mM sodium pyruvate, 100 U/ml penicillin, 100 µg/ml streptomycin, 2 mM l-glutamine, and 100 µM β-mercaptoethanol in the presence of 0.3 µg/ml HCMV pp65 peptide mix (JPT Peptide Technologies). IL-2 100 U/ml was added on day 2 and cells were analyzed at day 9 after stimulation. Stained cells were acquired on a 6-laser LSR II analytical flow cytometer (BD) in the CCTI flow cytometry core and analyzed using FlowJo software (Tree Star).
cMV serology
Serum CMV IgG avidity and CMV IgM testing were performed by Quest Diagnostics.
detection of cMV genomes
Cells were thawed in IMDM with 2% FBS, counted with Trypan blue, and pelleted. Cells were lysed with 400 µl ZR-Duet lysis buffer per 5 × 10 6 cells, and processed with the ZR-Duet DNA/RNA purification kit (Zymo Research). Each 20 µl qPCR reaction contained: 1× Roche Lightcycler 480 Probes Hot-start Mastermix, 200 nM primers (Quick-LC purified primers; Eurofins MWG Operon), 100 nM Roche UPL hydrolysis probe, and 700 ng template DNA. Cycling conditions on the Lightcycler 480-II qPCR cycler (Roche) were: Taq activation at 95°C for 10 min, followed by 55 cycles of (95°C for 15 s; 60°C for 45 s), using the following primers: CMV long noncoding RNA β2.7: (forward, 5′-TGT TCT TCT GGT TCA TTT CCT ATG-3′; reverse, 5′-CGT GTC CGG TCC TGA TTC-3′; probe, GGC TGC TG); CMV UL69 (forward, 5′-CCT ACG ACT TTC GGT TCT TCTC-3′; reverse, 5′-CGT CCA GTT CGT CGT CAA TAA-3′; probe, CCT CAG CC), cellular genomic RNase P primers (forward, 5′-GAC GGA CTG CGC AGG TTA-3′; reverse, 5′-CCA TGC TGA AGT CCC ATGA-3′; probe, CAG CTC CC). These RNAβ 2.7 and UL69 primers were chosen and optimized to ensure that they function with maximum specificity and sensitivity. The genomes of 100 clinical CMV strains were aligned to generate multiple primers to amplify the most highly conserved regions across the CMV genome. Primers were tested for on sequences from uninfected cells with low levels of "spiked" viral genomes, and primers for were chosen based on specificity and sensitivity that exceeded that used in clinical protocols (Binnicker and Espy, 2013) . Total cellular genomes were quantitated using a standard curve of known cellular genome concentration amplified using primers for human RNase P: RPP30. CMV genomes were quantitated using a standard concentration curve of SwaI-linearized HCMV BAC genomes (strain TB40/E, available from Gen-Bank under accession no. EF999921.1), diluted in 5 ng/µl sonicated salmon sperm carrier DNA (Ambion). Each sample was run in 10-13 replicates and scored as "detected" (CMV genome target[s] detected in any replicate) or "not detected" (no CMV genome targets detected in any replicate). The limit of detection for the RNase P and β2.7 genes was 1-2 copies and 100 genomes, respectively. Negative controls included water, 5 ng/µl sheared salmon sperm carrier DNA, or genomes extracted from cultured uninfected primary cells (MRC-5; CCL-171; ATCC).
Statistical analysis
Descriptive statistics (percent means, standard deviations, counts) were calculated using Microsoft Excel. P-values for comparison of means within each tissue site were determined by Student's t test and corrected using Holm-Sidak for multiple comparisons. Frequency variance for CMV-specific TEM cells was determined for each tissue by Holm-Sidak posthoc multiple comparison after two-way ANO VA in PRI SM (GraphPad Software, Inc.). Linear regression of age and T cell subset distribution was also performed in PRI SM. Slopes of regression lines and y intercepts were compared. Statistical significance was defined as P < 0.05. online supplemental material Fig. S1 shows gating strategies. Table S1 lists tissues acquired from individual CMV seropositive donors. Table  S2 is a list of CMV-specific and control multimer reagents used for analysis of human T cells. Table S3 lists characteristics of organ donors used for Figs. 6 and 7. Table S4 , List of fluorochrome-conjugated antibodies and flow cytometry reagents used in this study.
acK noW LEd GME ntS
We wish to gratefully acknowledge the generosity of the donor families and the outstanding efforts of the LiveOnNY transplant coordinators and staff for making this study possible. We also wish to thank Heather M. Lee and Brahma Kumar for assistance with tissue processing. We acknowledge the NIH Tetramer Core Facility (contract HHSN272201300006C) for provision of MHC A*6801 tetramer. The content is solely the responsibility of the authors and does not necessarily represent the official views of the NIH. This work was supported by National Institutes of Health grants P01AI06697 (D.L. Farber) and F31 AG047003 (J.J.C. Thome) and by the National Center for Advancing Translational Sciences (INH) grant UL1 TR000040, awarded to C.L. Gordon. C.L. Gordon was also supported by a Hutchins Family Fellowship, Fulbright Postgraduate Scholarship, and American Australian Association Fellowship. These studies were performed in the CCTI Flow Cytometry Core funded in part through an S10 Shared Instrumentation grant, 1S10RR027050.
The authors declare no competing financial interests.
Author contributions: C.L. Gordon planned experiments, collected and analyzed the data, and wrote the paper. M. Miron processed tissues, performed flow cytometry, and wrote the paper. J.J.C. Thome 
